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(57) ABSTRACT

Disclosed herein is an apparatus and method for estimating
the joint structure of a human body. The apparatus includes a
multi-view image acquisition unit for receiving multi-view
images acquired by capturing a human body. A human body
foreground separation unit extracts a foreground region cor-
responding to the human body from the acquired multi-view
images. A human body shape restoration unit restores voxels
indicating geometric space occupation information of the
human body using the foreground region corresponding to the
human body, thus generating voxel-based three-dimensional
(3D) shape information of the human body. A skeleton infor-
mation extraction unit generates 3D skeleton information
from the generated voxel-based 3D shape information of the
human body. A skeletal structure estimation unit estimates
positions of respective joints from a skeletal structure of the
human body using both the generated 3D skeleton informa-
tion and anthropometric information.

15 Claims, 14 Drawing Sheets

START

| ACQUIRE MULTI-VIEW IMAGES

}»smo

!

| EXTRACT FOREGROUND REGION |—v5200

!

GENERATE VOXEL-BASED 3D SHAPE 300
INFORMATION OF HUMAN BQODY

{

GENERATE 3D SKELETON
INFORMATION OF HUMAN BODY

I~ S400

{

ESTIMATE INDIVIDUAL JOINT
POSITION FROM SKELETAL STRUCTURE

5500

END



U.S. Patent Jun. 16, 2015 Sheet 1 of 14 US 9,058,514 B2

ESTIMATION UNIT

10

r—-r———""—>">—"—>—"—————- - - - / ___________________ n
| 100 \
| / |
" [ MULTI-VIEW IMAGE 500 |
| | ACQUISITION UNIT |

\
| 200 reT T (_ _______ - \
| / : : |
| \
| ROREeROUND L[ GEOMETRIC CALBRATON || |
| SEPARATION UNIT ~ INFORMATION STORAGE UNIT |~-620 |
| | | |
| 300 | | |
| J [ HIERARCHICAL SKELETAL |-_ga0 |
' [HUMAN BODY SHAPE L STRUCTURE INFORMATION | | |
| [ RESTORATION UNIT = | STORAGE UNIT | |
| 400 | | |
| | J | ANTHROPOMETRIC 660 |
| | INFORMATION STORAGE UNIT [ T°%7
| SKELETON | | |
| INFORMATION | . § |
| [_EXTRACTION UNIT |
| 500 \
: 't/ :
| [SKELETAL STRUCTURE] |
| \
| \



US 9,058,514 B2

Sheet 2 of 14

Jun. 16, 2015

U.S. Patent

!

- _ _
/| /
/ \\ e
e
] ’ / <
An\lliamw JW eI
N | L
AT )

FIG. 2



U.S. Patent Jun. 16, 2015 Sheet 3 of 14

US 9,058,514 B2

1+~—40

| SURFACE VOXEL
[ ]: cARVED vOXEL
N\ : INNER VOXEL

FIG. 3



U.S. Patent Jun. 16, 2015 Sheet 4 of 14 US 9,058,514 B2

MEDIAL SURFACE VOXEL
EXTRACTION UNIT

3D SKELETAL STRUCTURE
EXTRACTION UNIT

| |
| |
| |
| |
| |
| |
| 420 |
| /|
' | WEIGHT CALCULATION | |
| UNIT |
| 430 |
| y /o
| |
| | NODE ESTIMATION UNIT | |
| |
| |
| 440
| y /o
| ROOT NODE |
| DETERMINATION UNIT |
| l 450 |
| / |
| |
| |
| |




U.S. Patent Jun. 16, 2015 Sheet 5 of 14 US 9,058,514 B2

] SURFACE VOXEL

RY: INNER VOXEL

[ ]: EMPTY VOXEL

) : TESTING SURFACE VOXEL

FIG. 5



US 9,058,514 B2

Sheet 6 of 14

Jun. 16, 2015

U.S. Patent

FIG. 6



U.S. Patent Jun. 16, 2015 Sheet 7 of 14 US 9,058,514 B2

FIG. 7




U.S. Patent Jun. 16, 2015 Sheet 8 of 14 US 9,058,514 B2

2
e 90
3 (D—)

(
w<

N <
<
> <

w<<

FIG. 8



US 9,058,514 B2

Sheet 9 of 14

Jun. 16, 2015

U.S. Patent

6 'Ol

re """ "> " ”-:+{™>+{f¥5&¥V— W __—_ _ _ __ ___—_— -1
| [ wivby ) wayyer )
| [(Puzpueny || PuzpuerT ||
| * + |
| [
| [ sumy 1SN
(" Bemybry ) Bemer ) 1 I f __
: SEEI || CREES I T ~|[smimogiy ||[Casmumogiat ||,
f
e e e N [ T woasy | oo
, i ? _
: m_v_c*<w_ l m_v_b,q._ | % _Pm_i_.gm_o_so;mm_ _p,m_g_._w_o_sor_m.___
, t }
| mwcw_m 1 mmcw: | |_PeH | spnousy || epinoust _m
, t }

i i | PN | |
f
Il EEM__E Il EEM__E _ e _(mcoew__o& \__f mco@m__oﬂ \_m
T ame | am | | 39D | [ass m%c_o_m | [ oass m%c_o_m i
| } } |
| _r SIAlRdY \_ _r SIAlRd T \_ ] |

) ) |
| | taissined | | oqisTsiapd | | Yo | |
t i SIA|2d | Touds | _

[
7 —
| oa5 100y | — 1S |
|
| | j00y | |
- N / L_
\I |||||||||||||||||||||||||||||||||||||||||||
4)



US 9,058,514 B2

Sheet 10 of 14

Jun. 16, 2015

U.S. Patent

v S

OT ©SI4




US 9,058,514 B2

Sheet 11 of 14

Jun. 16, 2015

U.S. Patent

%2 S, s R
70, erriririeiess_ ¥

2 Y,
LAl

B2 -~
IR Z T2

FIG. 11

\\\\\\\\\\\\\\\\\\\\\\\\\

27200 7)




U.S. Patent Jun. 16, 2015 Sheet 12 of 14 US 9,058,514 B2




U.S. Patent Jun. 16, 2015 Sheet 13 of 14 US 9,058,514 B2

( SsTART )
Y

ACQUIRE MULTI-VIEW IMAGES ~S100
EXTRACT FOREGROUND REGION  ~S200

GENERATE VOXEL-BASED 3D SHAPE L _S300
INFORMATION OF HUMAN BQODY

1

y

GENERATE 3D SKELETON L —S400
INFORMATION OF HUMAN BQODY

!

ESTIMATE INDIVIDUAL JOINT L —S500
POSITION FROM SKELETAL STRUCTURE

Y
( e )
FIG. 13




U.S. Patent Jun. 16, 2015 Sheet 14 of 14 US 9,058,514 B2

( s30 )
Y

EXTRACT MEDIAL SURFACE VOXELS [~5410

Y

CALCULATE WEIGHTS OF MEDIAL L5420
SURFACE VOXELS

Y

EXTRACT NODES CORRESPONDING
TO LOCAL MINIMA

!

DETERMINE ROOT NODE ~ 5440

!

EXTRACT INFORMATION ABOUT 3D L5450
SKELETONS FOR RESPECTIVE REGIONS

Y
( ss00 )

FIG. 14

~—S430




US 9,058,514 B2

1
APPARATUS AND METHOD FOR
ESTIMATING JOINT STRUCTURE OF
HUMAN BODY

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Korean Patent Appli-
cation No. 10-2012-0009783, filed on Jan. 31, 2012, which is
hereby incorporated by reference in its entirety into this appli-
cation.

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates generally to an apparatus and
method for estimating the joint structure of a human body.
More particularly, the present invention relates to an appara-
tus and method for estimating the joint structure of a human
body, which can estimate the skeletal structure of a relevant
human body having assumed any posture in a specific space
by using multi-view images that have been acquired by mul-
tiple cameras arranged around the human body.

2. Description of the Related Art

Technology for modeling the skeletal structure of an entity
based on a skeletal system is used to estimate the joint posi-
tions, skeletal structures, posture information, etc. of an
actual skeletal system from information about the deforma-
tion of the surface shape of the entity depending on the
motions of joints.

In relation to this, conventional technologies include a
paper published by Pin-Chou Liu, Fu-Che Wu, Wan-Chun
Ma, Rung-Huei Liang, and Ming Ouhyoung and entitled
“Automatic Animation Skeleton Construction Using Repul-
sive Force Field (hereinafter referred to as “Pin-Chou Liu”)”
(IEEE Trans. Proceedings of the 11th Pacific Conference on
Computer Graphics and Applications, October 2003, pp. 409-
413), and a paper published by Lawson Wade and Richard E.
Parent and entitled “Automated Generation of Control Skel-
etons for Use in Animation” (The Visual Computer, vol. 18,
no. 2, March 2002, pp. 97-110). These technologies disclose
a scheme which, in order to realize a three-dimensional (3D)
animation of an entity in the field of computer graphics,
estimates a 3D skeletal structure suitable for the shape of the
entity by extracting a 3D skeleton from a 3D polygon model
obtained by modeling the surface shape of the entity, and
binds the estimated skeletal structure to individual vertexes
constituting the polygon, so that the surface shape of the
entity is controlled via the control of joints.

Further, in the field of computer vision, in order to recog-
nize an action using the motion capture of an entity, informa-
tion about the deformation of the 3D shape based on the
motion of the entity is acquired by various camera sensors, the
3D shape information of the entity is estimated from the
acquired image information, and the positions and postures of
individual joints in a skeletal structure are estimated based on
the predefined skeletal structure of the entity from the esti-
mated entity 3D shape information, so that the action of the
entity is analyzed.

The above two types are similar to each other in that both
estimate the skeletal structure of an entity, but are different
from each other in the configuration of defining shape infor-
mation used to estimate a skeletal structure or the character-
istics of the skeletal structure.

The estimation of a skeletal structure in a polygon model
which is mainly used in the field of graphics is implemented
on the assumption that the ideal 3D surface shape information
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of'an entity was input. In contrast, the estimation of a skeletal
structure in the field of computer vision obtains surface shape
information from image information about an actual entity
obtained using an image sensor, so that there is always the
possibility that the surface shape information of the actual
entity will be distorted. As a result, a problem arises in that
when an approach used to estimate a skeletal structure in the
field of graphics is applied without being changed to the field
of computer vision, it is difficult to accurately estimate a
skeletal structure.

In regard to this information distortion, in order to not only
ensure robustness of the estimation of the skeletal structure of
an entity, but also recognize an action via the estimation of the
postures of joints in the skeletal structure, most technologies
in the field of computer vision use a method of predefining the
3D shape information and skeletal structure of an entity
whose skeletal structure is to be estimated and controlling the
postures of respective joints of the predefined skeletal struc-
ture, so that posture control values for the joints are detected
to minimize a difference between the shape deformation
information of the shape information model that has been
simulated and predefined and shape information that has been
obtained from input image information, thereby estimating
the skeletal structure of the entity. In this case, as the pre-
defined shape information, the shape information of the entity
which has been obtained from the 3D scanning or image
information of the entity and which is distorted has been used
in most cases. For the skeletal structure, a skeletal structure
model including information about the positions or lengths of
joints predefined by a user in accordance with the actual
skeleton of the entity has been used.

Further, approaches in the field of such computer vision
have mainly used tracking methods dependent on the joint
information of temporally adjacent image frames to estimate
the positions of joints in the skeletal structure, that is, to
capture motions. However, these methods are problematic in
that errors are propagated when tracking is erroneously per-
formed on adjacent image frames.

In order to solve the above problems, a paper published by
Jamie Shotton, et al. and entitled “Real-Time Human Pose
Recognition in Parts from Single Depth Images” (presented
atIEEE Computer Vision and Pattern Recognition 2011, June
2011) proposes a method of independently estimating the
postures of joints for respective image frames by using data-
based training.

SUMMARY OF THE INVENTION

Accordingly, the present invention has been made keeping
in mind the above problems occurring in the prior art, and an
object of the present invention is to provide technology that
extracts the skeleton information of a human body having
assumed any posture using multi-view image information
obtained by capturing the human body from various angles
based on anthropometric information, without having to per-
form data-based training, binds the extracted skeleton infor-
mation of the human body to the anthropometric information,
and estimates the posture information of individual joints
constituting the skeletal structure of the human body, thereby
estimating the skeletal structure of the human body which has
assumed any posture.

In accordance with an aspect of the present invention to
accomplish the above object, there is provided an apparatus
for estimating a joint structure of a human body, including a
multi-view image acquisition unit for receiving multi-view
images acquired by capturing a human body; a human body
foreground separation unit for extracting a foreground region
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corresponding to the human body from the acquired multi-
view images; a human body shape restoration unit for restor-
ing voxels indicating geometric space occupation informa-
tion of the human body using the foreground region
corresponding to the human body, thus generating voxel-
based three-dimensional (3D) shape information of the
human body; a skeleton information extraction unit for gen-
erating 3D skeleton information from the generated voxel-
based 3D shape information of the human body; and a skeletal
structure estimation unit for estimating positions of respec-
tive joints from a skeletal structure of the human body using
both the generated 3D skeleton information and anthropo-
metric information.

Preferably, the skeleton information extraction unit may
include a medial surface voxel extraction unit for extracting
medial surface voxels, which are a minimum number of sur-
face voxels enabling representation of a 3D shape of the
human body, from surface voxels in the 3D shape information
of the human body.

Preferably, the skeleton information extraction unit may
further include a weight calculation unit for calculating
weights indicative of distances from a center of gravity of the
human body to the respective extracted medial surface vox-
els.

Preferably, the skeleton information extraction unit may
further include a node estimation unit for extracting nodes,
which are medial surface voxels corresponding to local
minima, from the medial surface voxels based on the weights.

Preferably, the skeleton information extraction unit may
further include aroot node determination unit for determining
a root node corresponding to a root joint in a hierarchical
skeletal structure of the human body from the nodes.

Preferably, the skeleton information extraction unit may
further include a 3D skeletal structure extraction unit for
connecting the nodes along a shortest path based on Dijk-
stra’s algorithm by using the root node as a starting point, and
then extracting information about 3D skeletons for respective
regions of the human body.

Preferably, the multi-view image acquisition unit may per-
form camera geometric calibration on each of the multi-view
images, input from multiple cameras that capture the human
body, based on a global coordinate system located at a center
of gravity of the multiple cameras.

Preferably, the human body shape restoration unit may
project individual voxels in a voxel space, which is con-
structed based on information about the camera geometric
calibration performed by the multi-view image acquisition
unit, on each of the multi-view images, thus generating the
voxel-based 3D shape information of the human body.

Preferably, the apparatus may further include a storage unit
for storing the information about the camera geometric cali-
bration, the anthropometric information, and information
about the hierarchical skeletal structure of the human body.

In accordance with another aspect of the present invention
to accomplish the above object, there is provided a method of
estimating a joint structure of a human body, including receiv-
ing multi-view images acquired by capturing a human body;
extracting a foreground region corresponding to the human
body from the acquired multi-view images; restoring voxels
indicating geometric space occupation information of the
human body using the foreground region corresponding to the
human body, thus generating voxel-based three-dimensional
(3D) shape information of the human body; generating 3D
skeleton information from the generated voxel-based 3D
shape information of the human body; and estimating posi-
tions of respective joints from a skeletal structure of the
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human body using both the generated 3D skeleton informa-
tion and anthropometric information.

Preferably, the generating the 3D skeleton information
may include extracting medial surface voxels, which are a
minimum number of surface voxels enabling representation
of'a 3D shape of the human body, from surface voxels in the
3D shape information of the human body.

Preferably, the generating the 3D skeleton information
may further include calculating weights indicative of dis-
tances from a center of gravity of the human body to the
respective medial surface voxels.

Preferably, the generating the 3D skeleton information
may further include extracting nodes, which are medial sur-
face voxels corresponding to local minima, from the medial
surface voxels based on the weights.

Preferably, the generating the 3D skeleton information
may further include determining a root node corresponding to
a root joint in a hierarchical skeletal structure of the human
body from the nodes.

Preferably, the generating the 3D skeleton information
may further include connecting the nodes along a shortest
path based on Dijkstra’s algorithm by using the root node as
a starting point, and then extracting information about 3D
skeletons for respective regions of the human body.

Preferably, the receiving the multi-view images acquired
by capturing the human body may include performing camera
geometric calibration on each of the multi-view images, input
from multiple cameras that capture the human body, based on
a global coordinate system located at a center of gravity ofthe
multiple cameras.

Preferably, the voxel-based 3D shape information of the
human body may be generated by projecting individual vox-
els in a voxel space, which is constructed based on informa-
tion about the camera geometric calibration, on each of the
multi-view images.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of the
present invention will be more clearly understood from the
following detailed description taken in conjunction with the
accompanying drawings, in which:

FIG. 1 is a block diagram showing the configuration of an
apparatus for estimating the joint structure of a human body
according to the present invention;

FIG. 2 is a diagram showing the acquisition of multi-view
images from multiple cameras which capture a human body
which has assumed any posture;

FIG. 3 is a diagram showing the generation of 3D shape
information of a human body based on voxels;

FIG. 4 is a block diagram showing the configuration of the
skeleton information extraction unit of FIG. 1;

FIG. 5 is a diagram showing the extraction of medial sur-
face voxels;

FIG. 6 is a diagram showing the comparison of the number
of surface voxels with the number of medial surface voxels;

FIG. 7 is a diagram showing the estimation of nodes cor-
responding to local minima;

FIG. 8 is a diagram illustrating nodes;

FIG. 9 is a diagram illustrating the hierarchical skeletal
structure of a human body;

FIG. 10 is a diagram showing discrimination between an
upper part and a lower part of a human body based on a root
node;

FIG. 11 is a diagram showing the application of the hier-
archical skeletal structure to a human body;
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FIG. 12 is a diagram showing the estimation of the posi-
tions of joints using 3D skeleton information about a right
arm; and

FIGS. 13 and 14 are flowcharts showing a method of esti-
mating the joint structure of a human body according to the
present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will be described in detail below
with reference to the accompanying drawings. In the follow-
ing description, redundant descriptions and detailed descrip-
tions of known functions and elements that may unnecessar-
ily make the gist of the present invention obscure will be
omitted. Embodiments of the present invention are provided
to fully describe the present invention to those having ordi-
nary knowledge in the art to which the present invention
pertains. Accordingly, in the drawings, the shapes and sizes of
elements may be exaggerated for the sake of clearer descrip-
tion.

Hereinafter, the configuration and operation of an appara-
tus for estimating the joint structure of a human body accord-
ing to the present invention will be described in detail with
reference to FIGS. 1 to 12.

FIG. 1 is a block diagram showing the configuration of an
apparatus for estimating the joint structure of a human body
according to the present invention.

Referring to FIG. 1, anapparatus 10 for estimating the joint
structure of a human body according to the present invention
includes a multi-view image acquisition unit 100, a human
body foreground separation unit 200, a human body shape
restoration unit 300, a skeleton information extraction unit
400, a skeletal structure estimation unit 500, and a storage
unit 600.

Referring to FIG. 1 together with FIG. 2, the multi-view
image acquisition unit 100 receives multi-view images 26 as
input from multiple cameras 24 which captured a human
body 22 having assumed any posture in a specific space.
Further, the multi-view image acquisition unit 110 performs
camera geometric calibration on each of the received multi-
view images 26 on the basis of a global coordinate system
located at the center of gravity of the multiple cameras. Fur-
thermore, the multi-view image acquisition unit 110 stores
information about camera geometric calibration performed
on each of the multi-view images 26 in the geometric calibra-
tion information storage unit 620 of the storage unit 600.

The human body foreground separation unit 200 extracts a
foreground region, corresponding to an area obtained by cap-
turing the human body, from each of the multi-view images
26 on which camera geometric calibration has been per-
formed by the multi-view image acquisition unit 100. That is,
the human body foreground separation unit 200 extracts the
foreground region from each of the multi-view images 26 on
which camera geometric calibration has been performed by
the multi-view image acquisition unit 100 using a chroma-
key method in which differences between a background
image, that is, an image captured at the location of each
corresponding camera in the absence of a human body, and an
image captured in the presence of a human body are used.

The human body shape restoration unit 300 restores voxels
indicative of geometric space occupation information of the
human body from the foreground region corresponding to the
human body extracted by the human body foreground sepa-
ration unit 200, thus generating voxel-based 3D shape infor-
mation of the human body. Referring to the above drawings
together with FIG. 3, the human body shape restoration unit
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300 constructs the space of a 3D image including the human
body using combinations of voxels 40 having a specific size
based on the camera geometric calibration information pre-
viously stored in the geometric calibration information stor-
age unit 620 of the storage unit 600. Further, the human body
shape restoration unit 300 projects individual voxels 40 of a
voxel space constructed based on the camera geometric cali-
bration information on each individual image, and determines
whether each voxel is present depending on whether a region
of each image on which the individual voxels 40 have been
projected is included in the foreground region corresponding
to the human body extracted by the human body foreground
separation unit 200. Voxels existing as a result of the above
restoration procedure denote 3D shape information of the
human body which is the geometric space occupation infor-
mation of the human body in the 3D space when the human
body is actually located in the 3D space and has assumed a
posture. That is, the shape of the human body that occupies a
certain portion in the 3D space is included in the universal set
of the existing voxels.

The skeleton information extraction unit 400 extracts a
minimum number of surface voxels enabling the representa-
tion of the 3D shape of the human body from the surface
voxels in the voxel-based 3D shape information of the human
body generated by the human body shape restoration unit
300. Further, the skeleton information extraction unit 400
estimates nodes which are surface voxels corresponding to
local minima by using direction information facing the center
of gravity of the extracted medial surface voxels, and deter-
mines a root node corresponding to the root joint of the
hierarchical skeletal structure of the human body from the
nodes, thus generating information about the 3D skeleton of
the human body.

Referring to FIG. 4, the skeleton information extraction
unit 400 may include in detail a medial surface voxel extrac-
tion unit 410, a weight calculation unit 420, a node estimation
unit 430, aroot node determination unit 440, and a 3D skeletal
structure extraction unit 450.

The medial surface voxel extraction unit 410 is configured
to, if the 3D shape information of the human body having
assumed any posture is generated using the restoration of
voxels by the human body shape restoration unit 300, remove
surface voxels until only a minimum number of voxels
enabling the representation of the 3D shape of the corre-
sponding human body remain so as to extract skeleton infor-
mation from surface voxels of the restored voxels, thereby
extracting a number of medial surface voxels that are a mini-
mum number of surface voxels enabling the 3D shape of the
human body to be represented. First, referring to the above
drawings together with FIG. 5, the medial surface voxel
extraction unit 410 estimates direction vectors of inner voxels
64 from adjacent voxels that neighbor one another in the 3D
space around a testing surface voxel 62, and configures a 3D
surface 66 using the estimated direction vectors of the adja-
centinner voxels. Further, the medial surface voxel extraction
unit 410 determines whether a relevant surface voxel falling
within the range of a certain angle with respect to the direction
vector of the 3D surface 66 is present in a space under the 3D
surface 66. If it is determined that any surface voxel is not
present in the space under the 3D surface, the corresponding
testing surface voxel is eliminated because it is not a medial
surface voxel. In contrast, if it is determined that the surface
voxel is present in the space under the configured 3D surface,
the testing surface voxel is a voxel for connecting the medial
surface, so that it is extracted as a medial surface voxel. As a
result of the extraction of the medial surface voxels, the
number of medial surface voxels 72 is reduced at a higher rate
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compared to the number of surface voxels 74 of the 3D
surface information of the human body generated by the
human body shape restoration unit 300, as illustrated in FI1G.
6. Further, the medial surface voxels 72 are still distributed in
the 3D space.

The weight calculation unit 420 calculates weights indica-
tive of distances from the center of gravity of the human body
to the respective medial surface voxels extracted by the
medial surface voxel extraction unit 410. That is, in order to
extract one dimensional (1D) skeleton information from the
medial surface voxels extracted by the medial surface voxel
extraction unit 410, an additional data processing procedure
must be performed. For this operation, the weight calculation
unit 420 calculates weights indicative of the distances from
the center of gravity of the human body to respective medial
surface voxels, extracted by the medial surface voxel extrac-
tion unit 410, relative to the adjacent surface voxels. An
algorithm for calculating weights relative to the surface vox-
els is well known by the algorithm for obtaining a repulsive
force disclosed in the above-described paper published by
Pin-Chou Liu, Fu-Che Wu, Wan-Chun Ma, and Ming Ouhy-
oung and entitled “Skeleton Extraction of 3D Objects with
Visible Repulsive Force” (presented at Computer Graphics
Workshop 2003 in Hua-Lien Taiwan, 2003). Accordingly, in
the present specification, a detailed description of the algo-
rithm for calculating weights relative to surface voxels is
omitted. However, the present invention needs only to find
surface voxels intersecting the direction of corresponding
rays without having to construct an octree structure for accel-
erating the calculation of weights as in the case of ‘Pin-Chou
Liw’ and ‘Fu-Che Wu’, and also needs to calculate only the
weights of voxels corresponding to the medial surface with-
out calculating the weights of all voxels in a sampling voxel
space, thus realizing the advantage of shortening the time
required to calculate weights. In this case, weights have a
value closer to ‘1’ in the case of medial surface voxels closer
to the surface of the human body, and have a value closer to ‘0’
in the case of medial surface voxels closer to the center of
gravity of the human body. Further, weights have direction
information facing the center of gravity of the human body.

Once the weights of medial surface voxels have been cal-
culated by the weight calculation unit 420, the node estima-
tion unit 430 estimates medial surface voxels corresponding
to the local minima using the direction information of the
individual medial surface voxels in order to extract the 3D
skeleton information of the human body desired to be
obtained from the medial surface based on the weights. In this
case, the algorithm for estimating local minima in the present
invention is implemented using the scheme for extracting
local minima which is disclosed in the above-described paper
‘Fu-Che Wu’. In the present specification, a detailed descrip-
tion of the algorithm for estimating local minima will be
omitted. However, ‘Fu-Che Wu’ searches a continuous 3D
space at vertexes constituting a mesh, but the present inven-
tion searches medial surface voxels for local minima based on
the weights and direction information of adjacent medial
surface voxels among the individual medial surface voxels.
Further, referring to the above drawings together with FIG. 7,
the present invention needs to search only medial surface
voxels for local minima without searching all surface voxels
in the entire voxel space for local minima. Therefore, there is
an advantage in that the time required to search for local
minima in the present invention is shorter than the time
required by ‘Fu-Che Wu’ to search for local minima Herein-
after, medial surface voxels 80 corresponding to local minima
are referred to as “nodes.” Here, at the respective nodes,
pieces of information indicating which medial surface voxels
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have converged on the nodes are stored. By using such infor-
mation, individual nodes 90 can be represented by an illus-
trative diagram, as shown in FIG. 8. An edge cost between
nodes can be represented by the product of the sum of weights
of' medial surface voxels present on a line for connecting two
nodes and the Euclidean distance between the nodes.

Once the diagram for the individual nodes has been con-
structed, the root node determination unit 440 determines the
position of a joint that is a root in the hierarchical skeletal
structure of the human body previously stored in the hierar-
chical skeletal structure information storage unit 640 of the
storage unit 600. In this case, the hierarchical skeletal struc-
ture 12 of the human body previously stored in the hierarchi-
cal skeletal structure information storage unit 640 of the
storage unit 600 can be modeled as a branched tree structure,
as illustrated in FIG. 9. The root node determination unit 440
determines a node on which a largest number of voxels among
the medial surface voxels converge to be a node correspond-
ing to a joint that is a root (hereinafter referred to as a “root
node”). Typically, the root node is typically determined near
the pit of the stomach.

Once the root node has been determined by the root node
determination unit 440, the 3D skeletal structure extraction
unit 450 connects the nodes along a shortest path based on
Dijkstra’s algorithm by using the root node as a starting point,
generates information about 3D skeletons for respective
regions of the human body, and then estimates information
indicating to which regions of the actual human body the 3D
skeletons correspond (hereinafter referred to as “region infor-
mation”). For this, the 3D skeletal structure extraction unit
450 primarily estimates 3D surface information using medial
surface voxels converging on a root node 14. Once the 3D
surface has been defined, as illustrated in FIG. 10, the 3D
skeletal structure extraction unit 450 separates medial sur-
faces of the upper part and the lower part of the human body
on the basis of a line 16. A line that causes the difference
between the upper part and the lower part to be maximized is
detected, so that as indicated by an arrow 18, the upper part
and the lower part of the human body are discriminated from
each other. When the discrimination of the upper part and the
lower part is performed, the 3D skeletal structure extraction
unit 450 divides regions of a 3D space into regions corre-
sponding to a head region, a trunk region, left/right arms, and
left/right legs, around the root node 14 and estimates region
information indicating to which regions of the human body
the respective nodes correspond. The 3D skeletal structure
extraction unit 450 finds the shortest path, which has the root
node as a starting point and passes through nodes that have the
smallest sum of weights, by applying Dijkstra’s shortest path
extraction algorithm to nodes of the respective regions of the
human body in the diagram of the nodes, and connects the
nodes of the shortest path for each region of the human body,
thereby generating 3D skeleton information. Once the 3D
skeleton information has been generated for each region of
the human body, the 3D skeletal structure extraction unit 450
verifies whether the estimation of each region is suitable,
based on the 3D Euclidean distance of each skeleton. After
the verification has been completed, the 3D skeletal structure
extraction unit 450 distinguishes left/right parts of arm and
leg regions using the direction information of feet in the leg
region and the direction information of the head region. In
detail, in order to primarily distinguish left/right parts of leg
regions, the turning angles of ankles are extracted from infor-
mation about nodes located at the longest distance in the leg
regions. Next, by using restriction information related to the
turning angles of ankles indicating that ankles cannot be
turned at an angle of 90 or more degrees in the state in which
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the facial region of the human body actually assumes a T-pos-
ture to look straight ahead, the left/right parts of leg regions
are distinguished from each other. Through the above proce-
dure, once the left/right parts of the leg regions have been
distinguished from each other, left/right parts of arm regions
can be automatically distinguished from each other. In this
case, if region information is estimated to reverse left/right
parts of arm and leg regions, left/right parts of arm and leg
regions are changed.

The skeletal structure estimation unit 500 estimates the
positions of respective joints from the skeletal structure of the
human body using both 3D skeleton information of individual
regions of the human body generated by the skeleton infor-
mation extraction unit 400 and the anthropometric informa-
tion. That is, the skeletal structure estimation unit 500 esti-
mates the positions of respective joints using the 3D skeleton
information generated for individual regions, and extracts the
rotation angles of the respective joints using the position
information about adjacent joints. Accordingly, as shown in
FIG. 11, the hierarchical skeletal structure of the human body
previously stored in the hierarchical skeletal structure infor-
mation storage unit 640 of the storage unit 600 is applied to
the corresponding human body. For this, the skeletal structure
estimation unit 500 extracts the height information of the
human body using the 3D skeleton information about the
individual regions of the human body and the region infor-
mation, which are generated by the skeleton information
extraction unit 400. The reason for this is that the anthropo-
metric information previously stored in the anthropometric
information storage unit 660 of the storage unit 600 is clas-
sified based on the height information of each human body.
Once the height of the human body has been designated, the
anthropometric information provides average lengths for
respective regions which indicate the average lengths of arms
and legs, knees, etc. corresponding to the height of the human
body. The pieces of information about the average lengths for
respective regions obtained from the anthropometric infor-
mation are applied to the 3D skeletons for respective regions
of the human body generated by the skeleton information
extraction unit 400, and are matched to pieces of curve infor-
mation of the 3D skeletons for respective regions of the
human body, and thus the positions of the joints of the actual
human body can be estimated. For example, a procedure in
which the skeletal structure estimation unit 500 estimates the
positions of joints using the 3D skeleton information of a right
arm will be described with reference to FIG. 12. First, the
skeletal structure estimation unit 500 is provided with infor-
mation about the hand lengths of human bodies and the mar-
gin of error based on Korean adults from the anthropometric
information previously stored in the anthropometric informa-
tion storage unit 660 of the storage unit 600. The skeletal
structure estimation unit 500 estimates a position, having the
shortest circumference around a region corresponding to the
hand length of the human body from a lower tip 32 in the 3D
skeleton of the right arm of the human body generated by the
skeleton information extraction unit 400, to be the position 34
of a wrist joint, by using the information about the hand
length of the human body (for example, 20 cm) and a margin
of error (for example, within the range of +1-3 cm of the hand
length) received from the anthropometric information. Fur-
ther, the skeletal structure estimation unit 500 estimates a
position, at which the circumference of a section around a
region estimated to be a shoulder rapidly changes, to be the
position 36 of a shoulder joint using the anthropometric infor-
mation. Once the positions of the wrist and shoulder joints
have been estimated, an elbow joint is the only portion where
bending can occur between the shoulder and wrist joints of
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the arms of the human body, so that a position spaced apart
from the position 34 of the wrist joint and the position 36 of
the shoulder joint by the longest distance on a line connecting
the positions 34 and 36 is estimated to be the position 38 of the
elbow joint. In this way, the skeletal structure estimation unit
500 can primarily estimate the positions of joints, the posi-
tions of which can be definitely estimated or can be easily
estimated due to the existence of the bending of a knee or an
elbow for example, and can automatically estimate the posi-
tions of the remaining joints that have not yet been estimated
by using the primarily estimated joint positions and the
anthropometric information. Further, the skeletal structure
estimation unit 500 estimates the overall skeletal structure of
the human body which has assumed any posture by combin-
ing pieces of information about the estimated joint positions.

The storage unit 600 includes the geometric calibration
information storage unit 620, the hierarchical skeletal struc-
ture information storage unit 640, and the anthropometric
information storage unit 660.

The geometric calibration information storage unit 620
stores information about camera geometric calibration per-
formed on each of the multi-view images 26 by the multi-
view image acquisition unit 110, and provides the informa-
tion to the human body shape restoration unit 300. Further,
the hierarchical skeletal structure information storage unit
640 stores information about the hierarchical skeletal struc-
ture of the human body, and provides the information to the
root node determination unit 440. In this case, the actual 3D
positions of the nodes of each tree structure are generated
using the user input based on a GUI or the analysis of anthro-
pometry-based skeletal structures. Further, such a hierarchi-
cal skeletal structure of the human body can be freely defined
by the user within the range of the skeletal system. Further-
more, the anthropometric information storage unit 660 stores
anthropometric information and provides it to the skeletal
structure estimation unit 500.

Hereinafter, a method of estimating the joint structure of a
human body according to the present invention will be
described in detail with reference to FIGS. 13 and 14.
Description of repetitive portions similar to the operations of
the apparatus for estimating the joint structure of the human
body which have been described with reference to FIGS. 1 to
12 will be omitted.

FIG. 13 is a flowchart showing a method of estimating the
joint structure of a human body according to the present
invention.

Referring to FIG. 13, in the method of estimating the joint
structure of the human body according to the present inven-
tion, the multi-view image acquisition unit receives multi-
view images, acquired by capturing a human body which has
assumed any posture in a specific space, as input from mul-
tiple cameras at step S100. In this case, the multi-view image
acquisition unit performs camera geometric calibration on
each of the multi-view images input from the multiple cam-
eras which capture the human body, on the basis of a global
coordinate system located at the center of gravity of the
multiple cameras.

The human body foreground separation unit extracts a
foreground region corresponding to an area obtained by cap-
turing the human body from each of the multi-view images,
on which camera geometric calibration has been performed
by the multi-view image acquisition unit at step S200.

Next, the human body shape restoration unit restores vox-
els indicating geometric space occupation information of the
human body from the foreground region corresponding to the
human body extracted by the human body foreground sepa-
ration unit, thus generating voxel-based 3D shape informa-
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tion of the human body at step S300. In this case, the voxel-
based 3D shape information of the human body is generated
by projecting individual voxels in a voxel space constructed
based on the information about the camera geometric calibra-
tion on each of the multi-view images.

Further, the skeleton information extraction unit generates
the 3D skeleton information of the human body from the
voxel-based 3D shape information of the human body gener-
ated by the human body shape restoration unit at step S400.

Finally, the skeletal structure estimation unit estimates the
positions of respective joints from the skeletal structure of the
human body using the 3D skeleton information of the human
body generated by the skeleton information extraction unit
and the anthropometric information previously stored in the
storage unit at step S500.

FIG. 14 is a flowchart showing in detail the step S400 of the
method of estimating the joint structure according to the
present invention shown in FIG. 13.

Referring to FIG. 14, at the step S400 of generating the 3D
skeleton information of the human body from the voxel-based
3D shape information of the human body, the medial surface
voxel extraction unit extracts medial surface voxels, which
are a minimum number of surface voxels enabling the repre-
sentation of the 3D shape of the human body, from surface
voxels in the voxel-based 3D shape information of the human
body generated by the human body shape restoration unit at
step S410.

Further, the weight calculation unit calculates weights
indicative of distances from the center of gravity ofthe human
body to the respective medial surface voxels extracted by the
medial surface voxel extraction unit at step S420.

Next, the node estimation unit extracts nodes, which are
medial surface voxels corresponding to local minima, based
on the weights of the medial surface voxels calculated by the
weight calculation unit at step S430.

Further, the root node determination unit determines a root
node corresponding to a root joint in the hierarchical skeletal
structure of the human body, previously stored in the storage
unit, from the nodes extracted by the node estimation unit, at
step S440.

Thereafter, the 3D skeletal structure extraction unit obtains
the shortest path based on Dijkstra’s algorithm by using as a
starting point the root node determined by the root node
determination unit, and connects nodes along the shortest
path, thus extracting information about 3D skeletons for
respective regions of the human body at step S450.

As described above, the present invention is advantageous
in that it can estimate the positions of joints using only multi-
view image information acquired by capturing a human body,
unlike conventional technology that estimates the skeletal
structure of a human body having assumed any posture by
means of a tracking method of utilizing joint position infor-
mation input from a user or the joint position information of
adjacent frames on a time axis, thus obtaining the posture
information of the human body having assumed any posture
without requiring information input from the user or the pos-
ture information of adjacent frames.

Further, the present invention can provide skeletal struc-
ture estimation technology that can be applied to the analysis
of the action patterns of a human body, human body recog-
nition of security fields, and the field of markerless body
motion capture.

As described above, optimal embodiments of the present
invention have been disclosed in the drawings and the speci-
fication. Although specific terms have been used in the
present specification, these are merely intended to describe
the present invention and are not intended to limit the mean-
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ings thereof or the scope of the present invention described in
the accompanying claims. Therefore, those skilled in the art
will appreciate that various modifications and other equiva-
lent embodiments are possible from the embodiments. There-
fore, the technical scope of the present invention should be
defined by the technical spirit of the claims.

What is claimed is:

1. An apparatus for estimating a joint structure of a human
body, comprising:

a multi-view image acquisition unit for receiving multi-

view images acquired by capturing a human body;

a human body foreground separation unit for extracting a
foreground region corresponding to the human body
from the acquired multi-view images;

a human body shape restoration unit for restoring voxels
indicating geometric space occupation information of
the human body using the foreground region corre-
sponding to the human body, thus generating voxel-
based three-dimensional (3D) shape information of the
human body;

a skeleton information extraction unit for generating 3D
skeleton information from the generated voxel-based
3D shape information of the human body; and

a skeletal structure estimation unit for estimating positions
of respective joints from a skeletal structure of the
human body using both the generated 3D skeleton infor-
mation and anthropometric information,

wherein the skeleton information extraction unit comprises
a medial surface voxel extraction unit for extracting
medial surface voxels, which are a minimum number of
surface voxels enabling representation of a 3D shape of
the human body, from surface voxels in the 3D shape
information of the human body.

2. The apparatus of claim 1, wherein the skeleton informa-
tion extraction unit further comprises a weight calculation
unit for calculating weights indicative of distances from a
center of gravity of the human body to the respective
extracted medial surface voxels.

3. The apparatus of claim 2, wherein the skeleton informa-
tion extraction unit further comprises a node estimation unit
for extracting nodes, which are medial surface voxels corre-
sponding to local minima, from the medial surface voxels
based on the weights.

4. The apparatus of claim 3, wherein the skeleton informa-
tion extraction unit further comprises a root node determina-
tion unit for determining a root node corresponding to a root
joint in a hierarchical skeletal structure of the human body
from the nodes.

5. The apparatus of claim 4, wherein the skeleton informa-
tion extraction unit further comprises a 3D skeletal structure
extraction unit for connecting the nodes along a shortest path
based on Dijkstra’s algorithm by using the root node as a
starting point, and then extracting information about 3D skel-
etons for respective regions of the human body.

6. The apparatus of claim 5, wherein the multi-view image
acquisition unit performs camera geometric calibration on
each of the multi-view images, input from multiple cameras
that capture the human body, based on a global coordinate
system located at a center of gravity of the multiple cameras.

7. The apparatus of claim 6, wherein the human body shape
restoration unit projects individual voxels in a voxel space,
which is constructed based on information about the camera
geometric calibration performed by the multi-view image
acquisition unit, on each of the multi-view images, thus gen-
erating the voxel-based 3D shape information of the human
body.
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8. The apparatus of claim 7, further comprising a storage
unit for storing the information about the camera geometric
calibration, the anthropometric information, and information
about the hierarchical skeletal structure of the human body.

9. A method of estimating a joint structure of a human
body, comprising:

receiving multi-view images acquired by capturing a

human body;

extracting a foreground region corresponding to the human

body from the acquired multi-view images;

restoring voxels indicating geometric space occupation

information of the human body using the foreground
region corresponding to the human body, thus generat-
ing voxel-based three-dimensional (3D) shape informa-
tion of the human body;

generating 3D skeleton information from the generated

voxel-based 3D shape information of the human body;
and
estimating positions of respective joints from a skeletal
structure of the human body using both the generated 3D
skeleton information and anthropometric information,

wherein generating the 3D skeleton information comprises
extracting medial surface voxels, which are a minimum
number of surface voxels enabling representation of a
3D shape of the human body, from surface voxels in the
3D shape information of the human body.

10. The method of claim 9, wherein the generating the 3D
skeleton information further comprises calculating weights
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indicative of distances from a center of gravity of the human
body to the respective medial surface voxels.

11. The method of claim 10, wherein the generating the 3D
skeleton information further comprises extracting nodes,
which are medial surface voxels corresponding to local
minima, from the medial surface voxels based on the weights.

12. The method of claim 11, wherein the generating the 3D
skeleton information further comprises determining a root
node corresponding to a root joint in a hierarchical skeletal
structure of the human body from the nodes.

13. The method of claim 12, wherein the generating the 3D
skeleton information further comprises connecting the nodes
along a shortest path based on Dijkstra’s algorithm by using
the root node as a starting point, and then extracting informa-
tion about 3D skeletons for respective regions of the human
body.

14. The method of claim 9, wherein the receiving the multi-
view images acquired by capturing the human body com-
prises performing camera geometric calibration on each of
the multi-view images, input from multiple cameras that cap-
ture the human body, based on a global coordinate system
located at a center of gravity of the multiple cameras.

15. The method of claim 14, wherein the voxel-based 3D
shape information of the human body is generated by project-
ing individual voxels in a voxel space, which is constructed
based on information about the camera geometric calibration,
on each of the multi-view images.
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